ABSTRACT
Introduction
Lactic acid bacteria (LAB) are widely used in the feed and food (fermentation) industri (e.g. beer, cheese, yoghurt, olives, pickles, sauerkraut and silage) (18) . LAB form various metabolites during fermentation of carbohydrates, which contribute positively to the taste, smell and preservation of the final product. LABs are also known to produce an abundant variety of exopolysaccharides (EPSs). The properties and thus the potencial for application of EPSs vary and are dependent on their monosaccharide composition, type of linkages present, degree of branching and molecular weight. Depending on their monosaccharide composition and biosyntetic pathway, EPSs produced by LAB can be divided into two groups, heteropolysaccharides and homopolysaccharides (10, 5) .
Homopolysaccharides are composed of one type of monosaccharide. Products of these enzymes may consist of either glucose (polymer:α-glucan) or fructose (polymer: β-fructan) residues with varying glycosidic linkages, degree of branching and molecular weights. α-Glucans of LAB are synthesized by single glucansucrase enzymes from sucrose (donor). Instead of the growing glucan chain (polymerization), also water (hydrolysis) or other olygosaccharides (acceptor reaction) may be used as acceptor substrates.
Heteropolysaccharides are composed of a backbone of repeated subunits consisting of three to eight monosaccharides, derivatives of monosaccharides or substituted monosaccharides, as the α-or β-anomer in pyranose or furanose form. D-galactose, Dglucose and L-rhamnose are almost always present, but in different ratios. The EPS produced by L. delbrueckii subsp. bulgaricus CRL 420 contains glucose and fructose in a ratio of 1:2, the polymer produced by Str. thermophilus MR-1C is composed of D-galactose, L-rhamnose and L-fucose in a 5:2:1 ratio (19) , and the EPS from L. lactis subsp. cremoris Ropy 352 consists of Dglucose (29%) and D-manose (13%) (14) . Other EPS contain the acetylated amino sugars N-acetylgalactosamine or N-acetylglucosamine (6, 38) .
Mechanism of the glucan synthesis
Glucan polymer synthesis proceeds in a processive manner, intermediate oligosaccharides can not be detected and polysaccharides of high molecular weight are obtained at early reaction times (34, 2, 7) . The exact mechanisms of glucan synthesis are still not fully understood. Two alternative mechanisms have been proposed for the glucan chain growth: a) Non-reducing end elongation: this mechanism involves the presence of one site (an aspartate or glutamate) acting as a nucleophilic group and another residue acting as a proton donor, b) Reducing end elongation: according to this mechanism, the reaction occurs in two steps involving two sucrose binding sites (20, 25) . Glucansucrases or glucosyltransferase (GTF) enzymes of LAB are composed of four different domains: their N-terminal end starts with (i) a signal peptide, followed by (ii) a highly variable stretch, (iii) a highly conserved catalytic or sucrose binding domain and (iv) a C-terminal glucan binding domain, composed of a series of tandem repeats (20) .
Glucansucrases are able to synthesize a diversity of α-glucans with α-(1→6) (dextran by dextransucrases (DSR), mainly found in Leuconostoc), α-(1→3) (mutan by mutansucrase, mainly found in Streptococcus), alternating α-(1→3)/ α-(1→6) (alternan by alternansucrase (ASR), only reported in Leuconostoc mesenteroides), and α-(1→2) glucosidic bonds (only reported in Ln. mesenteroides). Depending on the specificity of the glucansucrase enzyme, oligosaccharides can be formed, which are elongated at the non-reducing end, with varying glucosidic linkages.
Besides their precise catalytic mechanism also features determining the linkage specificity of glucansucrases (glucosyltransferases, GTFs) remain to be elucidated. No detailed structural information is yet available for GTF enzymes of glycoside hydrolase family 70 (GH70), but their catalytic domains are closely related to glycoside hydrolases of family 13 (GH13) for which 3D structures and catalytic mechanism have been elucidated. Secondary structure prediction studies of the catalytic domain show that glucansucrases possess a (β/α) 8 barrel structure like glycosidases (including α-amylase, cyclodextrin glycosyltransferase (CGTase), and amylosucrase of family GH13. Most members of this family hydrolyze/synthesize α-(1→4) and α-(1→6) glucosidic linkages. The (β/α) 8 barrel structure motif is characterized by the presence of 8 β  sheets located in the core of the protein alternated with 8 α-helices located at the surface of the protein.
The (β/α) 8 -barrel of glucansucrases is circularly permuted. The four conserved regions (IIV) identified in the catalytic domain of members of the α-amylase family can also be found in the catalytic domain of glucansucrases. However, as a consequence of the circular permutation, region I occurs C-terminal of region II-IV in glucansucrase enzymes. The seven amino acid residues that are fully conserved in the α-amylase family are also present (except for one residue) in the glucansucrase family.
The largely similar structural features of members of family GH13 and the glucansucrase family (GH70) provide an excellent starting point for investigations of structure/function relationships in GTF enzymes. Alignments between both families will allow identification of targets for mutagenesis aiming to alter general activity, linkage specificity and hydrolysis/transferase activity ratios in GTF enzymes. This eventually will lead to a better understanding of the reaction mechanism, elucidation of features determining what type of linkages are synthesized, and the hydrolysis/transferase ratios of GTF enzymes.
Glucansucrases from Leuconostoc and Streptococcus
Glucansucrases comprise a family of enzymes that synthesize glucans from sucrose. The enzymes are secreted into the culture media by a number of Leuconostoc and Streptococcus species and strains. These two genera are gram-positive, facultative anaerobic cocci that are closely related to each other. One notable difference between them is that, until recently, Leu-conostoc species required sucrose in the culture medium to induce the formation of that enzyme (s), whereas the Streptococcus species did not require sucrose in the culture medium for the formation of the enzymes. Thus the Leuconostoc species were inducible for the formation of the glucansucrases, and the Streptococcus species were constitutive for their formation (25) .
Initialy all of the glucans synthesized from sucrose were considered to be dextrans. A dextran is defined as a glucan with main chains being composed of contiguous α-(1→6) linked glucopyranose residues. Differences in the different dextrans involve the types, amount, length, and arrangements of the branch chains. The principal type of branch linkage is α-(1→3), but α-(1→2) and α-(1→4) branch linkages have also been observed. As the structures of the different glucans have been studided, it became obvious that there were glucans that did not fit the above definition of a dextran. In particular, there were glucans that had contiguous α-(1→3) linkages in the main chains and glucans that had alternating α-(1→6) and α-(1→3) linked glucose residues in the main chains.
Leuc. mesenteroides B-512 produces only one glucan, a dextran, that has 95% α-(1→6) linkages in the main chains and 5% α-(1→3) branch linkages (36, 9) . The branches consist of two types, single glucose units and relatively long α-(1→6) linked chains attached to an α-(1→6) linked chain by an α-(1→3) branch linkage.
Other dextrans contain a much higher percentage of α-(1→3) branch linkages. Leuc. mesenteroides B-742 dextran-S has 50% α-(1→6) linkages and 50% α-(1→3) branch linkages of which the majority are single glucose residues (26) . This is the highest degree of branching that could be obtained. The branches predominantly consist of single glucose residues. The structure that results is a bifurcated comb in which each of the single α-(1→3) linked glucose residues are like teeth of a comb on a backbone of α-(1→6) linked chains. A dextran of this type would be highly resistant to endo-dextranase hydrolysis. Leuc. mesenteroides B-742 also produces another dextran that has 7% α-(1→4) branch linkages rather than α-(1→3) branch linkages.
Str. mutans 6715 also elaborates two glucansucrases. One (glucosiltransferasesoluble or GTF-S) is a dexstransucrase that synthesizes a water-soluble dextran reported to have 35% α-(1→3) branch linkages consisting primarily of single glucose residues (28, 29) . This also is a relatively high degree of branching, in which one out of every two glucose along the α-(1→6) linked main chain has an α-(1→3) linked single glucose branch. If the single branch glucose residues are uniformly distributed along the α-(1→6) chain, the result is an alternating, bifurcated comb structure in which the single branch glucose residues are attached by α-(1→3) linkages to every other glucose residue in the main chains. This structure also would be resistant to endodextranase hydrolysis.
The second enzyme elaborated by Streptococcus mutants synthesizes a waterinsoluble glucan that has contiguous α-(1→3) linked glucose residues in the main chain instead of α-(1→6) linkages (27) and obviously is not a dextran. It is totally resistant to endodextranase and is called mutant and its enzyme is called mutansucrose or GTF-I.
Leuc. mesenteroides B-1355 also elaborates two glucansucrases. The first enzyme synthesizes a dextran very similar in structure to B-512F dextran. The second enzyme synthesizes a glucan that has alternating α-(1→6) and α-(1→3) linked glucose residues in the main chains with 11% α-(1→3) branch linkages. This also is not a dextran; it has been called alternan and its enzyme, alternansucrase. Alternan also is totally resistant to endodextranase hydrolysis.
The dextran produced by Leuc. mesenteroides B-1299 is highly unusual. It has single glucose branches that are linked by α-(1→2) glucosidic bonds (26, 27) . The α-(1→2) bond is quite rare in biological sys-tems. Recently (12, 13) have obtained Leuc. mesenteroides mutants from strains B-512FM, B-742, B-1299 and B-1355 that are constitutive for the glucansucrases instead of being inducible. This permits the organism to elaborate active enzymes when the mutants are grown in media containning glucose or fructose instead of sucrose. In addition, some of the mutants elaborated only one of the two glucansucrases that were elaborated by the wild type organism, such as B-742, B-1355 and B-1299. These mutants greatly facilitate the purification of the enzymes and give enzyme in the culture supernatant that are devoid of the polysaccharides that they synthesize.
Glucansucrases from Lactobacillus
Lactobacilli are widespread in nature and many species have found applications in the food industry (e.g. dairy products, sourdough) (1, 5) . Several Lb. reuteri strains are able to produce anti-microbial metabolites (e.g. reutericyclin, reuterin and reutericin), which delay growth of some food borne pathogens (11, 8, 32) . Furthermore, some Lb. reuteri strains have probiotic properties as has been demonstrated in humans and various animals (3, 35) . The range of glucans and oligosaccharides produced by GTF enzymes present in lactobacilli (17) may potentially act as prebiotic by stimulating the growth of probiotic strains or of benefical endogenic of the gastrointestinal tract (22, 23, 4) .
Lactobacillus reuteri strains producing glucans thus possess the following general advantages: (i) constitutive GTF enzyme production, (ii) safe (GRAS status), and (iii) potential pro-and prebiotic properties. Glucans and glucooligosaccharides from lactobacilli are therefore interesting and feasible alternatives to the additives currently used in the production of foods (e.g. sourdough, yogurts, health foods). Although different Lactobacillus strains are able to produce glucans (16, 33, 31, 37) , only the Lb. reuteri GTFA enzyme has been characterized thus far. This enzyme synthesized a highly branched glucan (reuteran) containing α-(1→4) and α-(1→6) linkages (15) . The same types of glucosidic linkages were synthesized in its oligosaccharide products (17) . Recently we have shown that lactobacilli in fact contain DNA sequences of other putative glucansucrase genes (16) .
Biochemical and molecular characterization of reuteransucrase (GTFA) of Lb. reuteri 121. The GTFA pH optimum of pH 4.7 was comparable to that of other glucansucrases. Striking features of GTFA are its high temperature optimum of 50°C, its relatively high residual activity at lower temperatures, and its strong sensitivity to EDTA and Ca 2+ ions, especially in the transferase reaction. Alignments of the GTFA sequence with glucansucrase from Streptococcus and Leuconostoc were used to identify residues critical for activity. Mutations in the putative catalytic residues, Asp1024Asn, Glu1061Gln and Asp1133Asn, resulted in 300-1000 fold reduced specific activities. The relatively large N-terminal variable region and relatively short glucan binding domain compared to glucansucrases from Streptococcus and Leuconostoc sp. raised questions about the precise role of the N-and C-terminal domains in GTFA.
The large N-terminal variable domain (702 amino acids) could be removed without changing the glucosidic linkage specificity of GTFA. Quite to our surprise, the transferase activity (initial rate) of the enzyme(s) with N-terminal deleted variable region increased three to four fold, whereas hydrolysis activity decreased. However, after prolonged incubation of the mutant enzyme with sucrose, resulting in complete sucrose conversion, the distribution of hydrolysis and transferase products was similar to wild type. Conceivably, the large N-terminal domain in the wild type protein causes steric hindrance to the growing glucan chain, its deletion resulting in a strongly increased transferase activity. Sub-sequent deletion of the atypical repeats (YG-repeats) present in the short C terminal domain of GTFA (267 amino acids) resulted in strongly decreased affinity for sucrose in the transferase reaction. At the sucrose concentrations used, no saturation was achieved with the mutant enzyme. Furthermore, these C-terminal repeats were shown to be involved in glucan binding.
The activities of GTFA (and deletion mutants) with sucrose alone, and together with the acceptor substrates maltose and isomaltose, were also investigated, showing that after prolonged incubation the distribution of products of the mutant enzymes was similar to wild type. Analysis of oligosaccharides synthesized by GTFA showed that the α-(1→4) and α-(1→6) glucosidic linkages present in the GTFA glucan product were also conserved in its acceptor reaction products. Product specificity, including glucosidic bond specificity and glucan sizes, are thus determined by properties of the GTFA catalytic domain.
Biochemical characterization of a second reuteransucrase (GTFBIO), isolated from a probiotic Lb. reuteri "BioGaia" strain, is presented. Lb. reuteri strain "BioGaia" was isolated as a pure culture from a Reuteri TM Tablet purchased from the BioGaia Company. This tablet contains 100 million active Lactobacillus reuteri cells and assists to restore the balance of microflora in the gastrointestinal tract. This Lb. reuteri strain was shown to colonize the human stomach, duodenum, and ileum. Furthermore, a clear immunomodulating effect in the human gut was observed (35) . Using a similar approach as used for isolation of gtfA (degenerate primers and inverse PCR) the complete gtfbio gene (5343 bp) was isolated and cloned into E. coli. The expression of the gtfBio gene in E. coli was successful. The pH optimum of GTFBIO was similar (pH 5.0) to that of GTFA. However, the pH optimum was 15 degrees lower (35 ºC) when compared to GTFA. The enzyme encoded by gtfBio of Lb. reuteri BioGaia expressed in E. coli synthesized virtually the same glucan polymer, containing large amounts of a α-(1→4) together with α-(1→6) α-(1→6) and α-(1→4,6) glucosidic bonds ("reuteran") as Lb. reuteri BioGaia. There was a marked difference in the amount of α-(1→4) linkages (∼70%) present in the glucan synthesized by GTFBIO when compared to the amount of α-(1→4) linkages (∼45%) present in the glucan synthesized by GTFA of Lb. reuteri 121. GTFBIO synthesized a glucan with the largest amount of α-(1→4) glucosidic linkages reported to date. GTFBIO was also 50% more efficient in using isomaltose (glucose-α-(1→6)-glucose) as acceptor reaction substrate than GTFA. Another difference between these two reuteransucrases was the hydrolysis/transferase activity ratio. Although both enzymes clearly convert sucrose into large amounts of glucan products upon prolonged incubation, GTFBIO displayed only hydrolytic activity and no transferase activity (initial rates). Upon sucrose depletion, GTFBIO had converted more than 50 % of this substrate into glucose (due to sucrose hydrolysis). In case of GTFA, only 20 % of sucrose had been converted into glucose upon substrate depletion. GTFA and GTFBIO are 69% identical and 80% similar at the amino acid level, but synthesize different glucan polymers and have different hydrolysis/transferase ratios (initially as well as after substrate depletion). Therefore, GTFA and GTFBIO are interesting candidates to examine structural differences (alignments, hybrid enzymes, site-directed mutants) determining the larger amount of α-(1→4) bonds synthesized by GTFBIO in its products and its higher hydrolytic activity.
The different glucansucrase enzymes of LAB display high sequence similarity. Their linkage specificity is probably caused by relatively small differences in their putative acceptor sugar-binding subsites. Based on a comparison with sugar-binding acceptor subsites in family GH13 enzymes, the locations of two regions putatively involved in acceptor substrate binding in GTF enzymes were identified. A third (putative) acceptor substrate binding region was identified on basis of earlier mutagenesis studies with different GTF enzymes, involving amino acid residue 1138 and 1142 (GTFA, Lb. reuteri 121 numbering), determining the solubility of the glucan products and the ratio of [α-(1→3) versus α-(1→6) α-(1→6)] glucosidic linkages present (30, 21, 24).
